The associations between air pollution, especially particulate matter (PM), and adverse human health effects have been well documented (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . PM is associated with decreased respiratory function, aggravation of existing respiratory and cardiovascular conditions, altered defense mechanisms, and even premature death. The most susceptible populations include those with preexisting respiratory or cardiovascular conditions, asthmatics, children, and the elderly (8, 11) .
To date, few epidemiology studies have used PM measures other than size-segregated mass as the exposure metric. Schwartz et al. (12) looked at episodes of high coarse particle concentration in Spokane, Washington, and found that windblown dust episodes were not associated with increased mortality. In the Harvard Six Cities Study, Schwartz et al. (3) found a significant association between nonaccidental mortality and particulate matter < 2.5 pm in aerodynamic diameter (PM2 5) and sulfur. They did not find a significant association with particulate matter < 10 pm in aerodynamic diameter (PMJ ) or the coarse fraction of PM [PMCF (PM1O minus PM2.5)]. In contrast, Ostro et al. (13) found that PM1O dominated by coarse particles was associated with an increase in mortality in the Coachella Valley in California. The differences in the results from these two studies may be due to the particulate composition as well as the difference in the amount of PMCF. In the eastern United States, PM2.5 is dominated by sulfates (34%), whereas in the western and central United States it is dominated by organic carbon (OC) from motor vehicles and vegetative burning (39%) (14) . The average PM2.5/PM10 ratio for the Six Cities Study (3) was 0.6 (based on the 50th percentiles) as compared to a ratio of 0.3 for Phoenix, Arizona (15) .
The goal of the present study was to evaluate the associations between daily air pollution and total nonaccidental and cardiovascular mortality in Phoenix. Phoenix is an arid southwestern city with a population of approximately 1 million residents (16) . It is an interesting location because of its large proportion of elderly people (9. 7% of the population is > 65 years of age). The elderly are more susceptible to air pollution than the general public (2) . The primary sources of PM in Phoenix are motor vehicles, paved road dust, and vegetative burning (15) .
This study focused on the effects of air pollution on cardiovascular mortality for several reasons. First, the association between air pollutants and cardiovascular mortality has been consistent in previous studies (1, 2, 9, 17 . Second, a study in Baltimore, Maryland, found that heart rate variability was associated with PM2 5 in elderly subjects with cardiovascular conditions (18) . Finally, in this study cardiovascular mortality had the largest sample size, accounting for 45% of the total nonaccidental deaths in the study region (based on zip codes). This may be reflective of the increased size of Phoenix's elderly population, which is more prone to cardiovascular disease.
A unique aspect of this study is that our pollution data include daily information not only on traditional gaseous In addition to PM, this study also evaluated the association between total nonaccidental and cardiovascular mortality and other measured air pollutants: carbon monoxide, nitrogen dioxide, sulfur dioxide, and ozone. These EPA criteria pollutants are also associated with mortality (7, 17, 19, 20 (21) .
PM and gaseous pollutant concentrations (range and mean ± SD) from 1995 to 1997 are presented in Table 2 . We obtained gaseous criteria pollutant data for CO, NO2, 0 3 and SO2 from the EPA Aerometric Information Retrieval System (AIRS) database (22) for residential sites in the Phoenix region. We averaged CO values over four monitoring sites and we averaged NO2 over two sites. Only one residential monitoring site was available for SO2. We averaged the hourly averages for CO, NO2, and SO2 over 24 hr from 0700 to 0700. We used the maximum hourly 03 (03 max) concentration in the same 24-hr period in the analysis.
The PM2.5 constituents that we evaluated for effects on mortality were sulfur, zinc, lead, soil-corrected potassium (Ks) (23) , OC, EC, total carbon (TC), and reconstructed soil. Soil was reconstructed by summing the oxides of Al, Si, Ca, Fe, and Ti using the formula recommended by Malm et al. (24) . We also considered PM2 that was corrected for soil content (nonsoil PM25 = PM2.5 -reconstructed soil). Table 4 shows the correlation coefficients between PM, gaseous pollutants, temperature, and relative humidity for Phoenix in 1995-1997. PM2 5 (obtained from the DFPSS) was highly correlated with CO (r = 0.85) and NO2 (r = 0.79), but less so with SO2 (r =0.43). PM2 5 from the DFPSS was highly correlated with that measured with the TEOM (r = 0.93). Table 5 shows the significance of temperature after adjusting for day of the week, time trends, and relative humidity. For total and cardiovascular mortality, we found that temperature was not associated with excess deaths. Temperature was not correlated with either PM1O (r = -0.08) or PM2 5 (r = -0.25). A second analysis examined the effect of extreme temperatures. If the average daily temperature was greater than or equal to the 95th percentile (35.4°C), we assigned a 1 to the predictor variable; otherwise we assigned a 0. We did not find an association between extreme temperature and total mortality. However, with cardiovascular mortality, extreme temperature was associated with excess deaths at 0 and 2 days lag (p < 0.1). To further assess the importance of the high temperature days to our analysis, we evaluated the association between PM2.5 and cardiovascular mortality after excluding the days when the temperature was above the 95th percentile. The effect of eliminating the high temperature days was negligible. The RR for cardiovascular mortality associated with PM2.5 (1 day lag) including all days was the same as that excluding the hottest days (RR = 1.06; CI, 1.02-1.10).
We also conducted a sensitivity analysis with relative humidity as a cofactor, with the model controlling for time trends and temperature. As a cofactor, relative humidity was not associated with either total mortality or cardiovascular mortality. To further assess the effects of extreme relative humidity, we eliminated the driest days (relative humidity < 25th percentile) from the data. We then found that the coarse fraction was no longer associated with total mortality. The association between cardiovascular mortality and coarse fraction was statistically significant (p < 0.05) on the concurrent day, but nonsignificant with 1-day lag.
We also used dew point rather than relative humidity in the base model. Controlling for dew point rather than relative humidity did not alter our results. We obtained similar regression coefficients. We also found that soil, S, and Pb were negatively associated with total mortality. That is, these exposure variables were associated with a decrease in excess deaths.
We further evaluated the associations between the mortality outcomes and sources of both particulate and gas-phase pollutants using the scores from a factor analysis in place of the individual pollutant concentrations. The results from the analysis with five factors are presented in Table 8 . Factor 1 probably represents the influence of motor vehicle exhaust and resuspended road dust with high loadings (loading > 0.5) on Mn, Fe, Zn, Pb, OC, EC, CO, and NO2. Factor 2 represents soil with high loadings on Al, Si, and Fe. Factor 3 represents vegetative burning with high loadings on OC and Ks. Factor 4 represents a local source of S02 with a high loading on S02' Factor 5 represents predominately regional sulfate with a high loading on S. The RRs associated with an interquartile range increase in each factor are presented in Table 9 . Total mortality had both a positive and a negative association with the factor representing regional sulfate, positive on lag day 0 (same day) and negative on lag day 3.
The factor representing S02 had a negative
To assess the effect of replacing the PM2.5 cyclone on the TEOM with the WINS, we evaluated the association between soil and total mortality from 1 January 1995 to 31 December 1996 and from 1 January 1997 to 31 December 1997. The latter period represented the WINS inlet measurements. The association between soil and mortality was not significant for the cyclone measurements alone. Analysis with only the WINS data revealed that the association between soil and mortality was positive and significant at 0 days lag, but not significant for any of the other days.
We estimated soil-related potassium using a correction ratio = K/Si (23 (27) . We found similar RRs for cardiovascular mortality associated with Ks when we used any of these three approaches. In contrast, total potassium was not associated with either total or cardiovascular mortality.
Discussion
To our knowledge this is the first time-series analysis that has looked at the association between PM chemical composition and mortality and the association between the underlying factors influencing that composition and mortality. Ozkaynak and Thurston (28) (29) found that black smoke was associated with a 0.58% increase in cardiovascular deaths in London.
The association between PM2 5 and cardiovascular mortality is similar to that of Schwartz et al. (3) , who found that a 10-jg/m3 increase in PM2,5 was associated with a 1.5% increase in total mortality and 2.1% increase in mortality from ischemic heart disease in a study of six eastern U.S. cities. In contrast to Schwartz et al. (3) , the present study also found a significant association between PMCF (28) , who in a study of the association between U.S. mortality rates and particle pollution levels in 1980 found that soil was the least significant predictor of mortality. We also evaluated the association between soil and mortality with only soil data obtained with the WINS. The association was positive and significant (p < 0.05) on the concurrent day, but not significant on any other lag days. However, this observation may be due to the low number of days used to evaluate the association between WINS PM2.5 soil and total mortality (n = 377).
With respect to the elemental components of PM2 5, we found that EC was significantly associated with cardiovascular mortality. EC is found in combustionderived particles, most notably diesel exhaust (21) . We found that Ks [potassium from vegetative burning (23) ] was also associated with cardiovascular mortality.
We found several associations that are potentially spurious. The associations with these variables were found with only total mortality and not with cardiovascular mortality. Lead was negatively associated with total mortality at lag day 3, although this may be reflective of the moderate correlation between Pb and soil in Phoenix (r = 0.49). Pb may have accumulated in the soil or in road dust from the past use of leaded gasoline. S was also negatively associated with total mortality on lag day 3. At present, the reason for the negative association with S is unclear. However, S accounts for a rela-tively small percentage of the mass of PM2.5 (15%). The significant negative associations between total mortality and Pb and S were not consistent with the lack ofassociation between these exposure variables and cardiovascular mortality.
For the gaseous species, we found that total nonaccidental mortality and cardiovascular mortality were strongly associated with CO and NO2. These observations are similar to those of Burnett et al. (30) , who found associations between CO and NO2 and total nonaccidental mortality in Toronto, Canada. Burnett et al. (30) also found that cardiac mortality was associated with CO. CO exacerbates cardiac conditions (10) . CO concentrations are also associated with hospital admissions for cardiovascular disease (31) . In Phoenix the primary sources of CO and NO2 are motor vehicles.
The association between SO2 and cardiovascular mortality was similar to that of Zmirou et al. (17) , who also found that an increase in SO2 was associated with an increase in cardiovascular deaths (RR = 1.04). In addition, Zmirou et al. (17) found weak but significant association between 1- hr maximum 03 concentrations and cardiovascular mortality (RR = 1.02). Hoek et al. (32) also found an association between total mortality and 03 in the Netherlands. We found no significant associations with 03.
The present study demonstrated the use of factor analysis in an epidemiologic study. Using factor analysis, we were able to identify those underlying factors of measured air pollution composition variability that were associated with excess mortality. Poisson regression with factor scores as exposure variables revealed that combustion-related pollutants associated with motor vehicles and vegetative burning as well as fine particulate SO4 concentrations were significantly associated with cardiovascular mortality. The soil factor, however, was associated with fewer than expected total deaths. These results are 
